Background and Objectives Olaratumab is a recombinant human monoclonal antibody that binds to platelet-derived growth factor receptor-a (PDGFRa). In a randomized phase II study, olaratumab plus doxorubicin met its predefined primary endpoint for progression-free survival and achieved a highly significant improvement in overall survival versus doxorubicin alone in patients with advanced or metastatic soft tissue sarcoma (STS). In this study, we characterize the pharmacokinetics (PKs) of olaratumab in a cancer patient population. Methods Olaratumab was tested at 15 or 20 mg/kg in four phase II studies (in patients with nonsmall cell lung cancer, glioblastoma multiforme, STS, and gastrointestinal stromal tumors) as a single agent or in combination with chemotherapy. PK sampling was performed to measure olaratumab serum levels. PK data were analyzed by nonlinear mixed-effect modeling techniques using NONMEM Ò .
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Background and Objectives Olaratumab is a recombinant human monoclonal antibody that binds to platelet-derived growth factor receptor-a (PDGFRa). In a randomized phase II study, olaratumab plus doxorubicin met its predefined primary endpoint for progression-free survival and achieved a highly significant improvement in overall survival versus doxorubicin alone in patients with advanced or metastatic soft tissue sarcoma (STS). In this study, we characterize the pharmacokinetics (PKs) of olaratumab in a cancer patient population. Methods Olaratumab was tested at 15 or 20 mg/kg in four phase II studies (in patients with nonsmall cell lung cancer, glioblastoma multiforme, STS, and gastrointestinal stromal tumors) as a single agent or in combination with chemotherapy. PK sampling was performed to measure olaratumab serum levels. PK data were analyzed by nonlinear mixed-effect modeling techniques using NONMEM Ò .
Results
The PKs of olaratumab were best described by a two-compartment PK model with linear clearance (CL). Patient body weight was found to have a significant effect on both CL and central volume of distribution (V 1 ), whereas tumor size significantly affected CL. A small subset of patients developed treatment-emergent anti-drug antibodies (TE-ADAs); however, TE-ADAs did not have any effect on CL or PK time course of olaratumab. There was no difference in the PKs of olaratumab between patients who received olaratumab as a single agent or in combination with chemotherapy. Conclusion The PKs of olaratumab were best described by a model with linear disposition. Patient body weight and tumor size were found to be significant covariates. The PKs of olaratumab were not affected by immunogenicity or chemotherapeutic agents.
Introduction
Platelet-derived growth factor receptor-a (PDGFRa) and its downstream signaling pathways have been implicated in cancer cell proliferation, metastasis, and the tumor microenvironment. PDGF/PDGFR signaling has an important role in mesenchymal stem cell differentiation, growth of mesenchymal cells, angiogenesis, and wound healing under normal physiological conditions [1] [2] [3] . PDGF/PDGFRa signaling has also been shown to be involved in the pathogenesis of multiple cancers, including osteosarcoma, chondrosarcoma, prostate cancer, breast cancer, and ovarian cancer, where the PDGF/PDGFRa complex has been shown to promote tumor growth and proliferation as well as tumor vasculature [4] .
Olaratumab is a recombinant human immunoglobulin G subclass 1 (IgG 1 ) monoclonal antibody (mAb) that binds specifically to PDGFRa. In vitro studies have demonstrated that olaratumab inhibits PDGFRa pathway signaling in tumor and stromal cells. In addition, in vivo studies have shown that olaratumab disrupts the PDGFRa pathway in tumor cells and inhibits tumor growth. An open-label, phase Ib and randomized phase II clinical study with olaratumab plus doxorubicin versus doxorubicin alone in patients with advanced or metastatic soft tissue sarcoma (STS) recently met its predefined primary endpoint for progression-free survival and achieved a highly significant improvement of 11.8 months in median overall survival over doxorubicin alone [5] . The study also demonstrated that a dose of 15 mg/kg (administered on days 1 and 8 of a 21-day cycle), which resulted in mean steady-state concentrations between 123 and 487 lg/mL, resulted in an acceptable safety profile in patients with advanced STS.
Given the clinically positive benefit-risk observed in the phase 1b/II study in advanced STS, a better understanding of the pharmacokinetics (PKs) of olaratumab was needed to ensure that serum levels associated with improved clinical outcomes can be achieved in as many patients as possible in the clinical setting. In this study, we present a population PK analysis of olaratumab in cancer patients enrolled in four phase II studies carried out in the US and EU. The primary objective was to analyze the PK data by means of nonlinear mixed-effect modeling (NONMEM) in order to estimate the typical PK properties and interpatient variability (IPV) in the cancer patient population. The PK model developed was also used to examine the effect of patient factors, including immunogenicity, as well as the effect of chemotherapy on the PKs of olaratumab in cancer patients.
Materials and Methods

Study Design and Study Population
The analysis of olaratumab PKs was based on data collected from four phase II studies in various cancer patient populations: nonsmall cell lung cancer (NSCLC), glioblastoma multiforme (GBM), STS, and gastrointestinal stromal tumors (GISTs). In STS patients (n = 95), olaratumab was tested at a dose of 15 mg/kg administered as a 60-min infusion on days 1 and 8 of a 21-day cycle, combined with 75 mg/m 2 doxorubicin on day 1 of the cycle for up to 8 cycles (53 patients received olaratumab monotherapy after disease progression in the control arm). In NSCLC patients (n = 50), olaratumab was tested at a dose of 15 mg/kg administered as a 30-min infusion on days 1 and 8 of a 21-day cycle in combination with 200 mg/m 2 paclitaxel and AUC 6 carboplatin. In GBM (n = 7) and GIST patients (n = 19), olaratumab was tested as a single agent at a dose of 20 mg/kg administered as a 90-to 60-min infusion every 14 days. In all studies, olaratumab was administered until disease progression or unacceptable toxicity was observed. In the NSCLC, GIST and STS studies, efficacy assessment, including tumor assessments, were performed according to the Response Evaluation Criteria in Solid Tumors (RECIST, version 1.1) guidelines every 6 weeks. No tumor size data were available from the seven patients enrolled in the GBM study.
Rich and/or sparse sampling was conducted in patients. Rich sampling was generally limited to cycles 1 and 3, and peak and trough concentrations were collected for most of the remaining treatment cycles. Clinical data were collected by a series of questions contained in the clinical report forms, while information such as date of birth, habits (e.g. alcohol consumption, smoking), historical diagnoses, and chronic conditions were collected by patient self-report. Clinical parameters such as weight, blood pressure, and pulse were measured at specific visits at investigator sites. Laboratory tests to measure standard clinical chemistry panel, such as total bilirubin, albumin, etc., were conducted at investigator laboratories or a sponsor-designated laboratory. Serum samples of olaratumab were analyzed using a validated modified enzyme-linked immunosorbent assay (ELISA) method at ICON Development Solutions (Whitesboro, NY, USA). The lower limit of quantitation was 1 lg/mL and upper limit of quantification was 100 lg/mL. Samples above the limit of quantification were diluted with 0.2% human serum with Blocker TM BLOTTO in Tris-buffered saline to yield results within the range of quantification. The potential formation of treatment-emergent anti-drug antibodies (TE-ADAs) in serum was assessed using a validated ELISA following a four-tier approach: identification of putative positive samples (Tier 1); confirmation of detected antibodies (Tier 2); titer of detected antibodies (Tier 3); and characterization as neutralizing or non-neutralizing (Tier 4). Samples that were identified as being positive for ADAs were further evaluated in the neutralizing ADA assay.
Model Development and Analysis
The PK model development, evaluation, and validation generally follow recent guidelines for PKPD modeling [6] . The PKs of olaratumab were characterized by means of nonlinear mixed-effect modeling using NONMEM (version 7.3; ICON Development Solutions, Gaithersburg, MD, USA). A series of compartmental models were evaluated to best describe olaratumab concentration-time data. Given the exposure-dependent disposition of monoclonal antibodies targeting membranebound antigens, such as olaratumab, both linear and Michaelis-Menten (MM) clearance (CL) terms were tested. IPV was investigated for all parameters, and covariance between parameters was assessed using an omega block. Proportional and combined additive and proportional error models were also evaluated. Estimates of the PK parameters and error terms were obtained using the first-order conditional (FOCE) with epsilon-eta interaction estimation method in all analyses. Missing data, PK data below the quantification limit of the assay, or incomplete data items (i.e. missing time/date entries) were excluded from the analysis. Missing values of independent variables (patient characteristic data) were imputed within a given patient, using the last observation carried forward (LOCF) method.
Selection of the most appropriate PK base model structure was based on agreement between predicted and observed serum concentrations, lack of pattern (i.e. randomness) in the weighted residuals versus the predicted values, changes in the IPV, and significant decreases in the minimum objective function (MOF). A visual predictive check (VPC) was also performed on the base model to investigate the agreement between the observed and predicted concentrations.
Upon establishment of an appropriate structural and statistical model, the effects of patient factors were assessed for their influence on the disposition of olaratumab. The patient factors tested comprised both continuous and categorical covariates (Table 1) . Given there was an acceptable level of ETA shrinkage, selection of the covariates began with visual inspection of covariate effects on the IPV of relevant parameters. Covariates that exhibited correlation in the distribution of IPV of PK parameters were then selected for further evaluation.
Stepwise covariate modeling (SCM) was implemented using Perl-Speaks NONMEM (PsN) [7] . Continuous covariates were tested using linear, power, or exponential models, as shown in Eq. (1) through Eq. (3). Categorical covariates were tested using a categorical model, as shown in Eq. (4).
where P is the individual's estimate of the parameter (e.g. CL, V), H 1 represents the typical value of the parameter, H 2 represents the effect of the covariate, COV is the value of the covariate, and MED is the population median of the covariate. IND is an indicator variable with a value of either 0 or 1 assigned for values of a dichotomous categorical covariate (e.g. female or male) and 1 to n for various values of a categorical covariate ranging from 1 to n, where n is the number of categories (e.g. n geographies). The criteria for the selection of covariates in the forward selection was a statistically significant (p \ 0.01) drop in MOF (C6.635), whereas the criteria for backward elimination were more stringent (p \ 0.001), with a greater drop in MOF (C10.828). Model convergence, reasonable estimates of parameter values, and parameter precision were all additional factors for covariate selection. Once statistically significant covariates were identified, individual analysis was performed for each continuous covariate to ensure the inclusion of the covariate results in a C2% decrease in the IPV of the corresponding model parameter. To demonstrate clinical relevance, covariates were only retained if their effect on the corresponding parameter was [15% for a dichotomous covariate, or[15% at the highest or lowest observed covariate value for a continuous covariate. In addition, model performance evaluated through goodness-of-fit plots and VPCs was taken into consideration during the selection process. Only those covariates that met the above criteria were included in the final PK model. Certain covariates deemed clinically significant were included regardless of inclusion criteria. For instance, given that olaratumab was administered based on body weight, the influence of body weight at time of study entry (WTE) on CL and V 1 was incorporated as a power function (Eq. 2). Allometric scaling was also tested, with a fixed power coefficient of 0.75 for CL parameters, and 1 for volume of distribution parameters [8] .
Once the final PK model was established, a VPC was performed to ensure that the model maintained fidelity with the observed PK data and to ensure the inclusion of the covariates visibly improved model performance. The stability and precision of final PK model parameter estimates were assessed through a bootstrap analysis.
Results
Data Summary
Of the four studies included in this analysis, a total of 1748 data points from 196 patients were collected. Overall, 188 observations (10.8%) were below the quantifiable limit of the PK assay and were therefore excluded from the analysis. Only 18 observations (1.0%) were taken after the start of treatment. Another 59 observations (3.3%) were also excluded due to missing data items. In total, 1501 olaratumab serum concentration observations from 171 patients (NSCLC: 50 patients, 272 observations; GBM: 7 patients, 37 observations; STS: 95 patients, 1132 observations; GIST: 19 patients, 60 observations) were retained in the analysis. Continuous and categorical characteristics, as well as details on the number of patients per treatment regimen, are provided in Table 2 . The number of samples per patient ranged from 1 to 54, with a median of five samples. Olaratumab serum concentration-time profiles relative to the first olaratumab dose and time after dose are illustrated in Fig. 1 , along with the relative contributions of data from the four studies. The blood sampling scheme adopted in the studies facilitated the capturing of increasing olaratumab serum concentrations as they approached their steady state levels, as well as the elimination after the last dose. Across the entire analysis database, the median number of treatment cycles with olaratumab ranged from 4 to 5. A total of 32 patients experienced at least one dose reduction.
Base Model Development
The time course data of olaratumab serum concentrations was best described with a two-compartment PK model with linear clearance parameterized in terms of clearance (CL), central volume of distribution (V 1 ), peripheral volume of distribution (V 2 ), and intercompartmental clearance (Q). Parameter estimates for the base PK model are presented in Table 3 . During the initial model development, a term describing target-mediated drug disposition (TMDD) was incorporated into the model in the form of an MM approximation. However, this mixed CL model showed instability and poor precision in parameter estimation, therefore the MM clearance term was removed from the model. Log-normally distributed IPV was estimated with high precision for V 1 and CL. There was no significant correlation between the IPV of V 1 and CL. Interoccasion variability (IOV) was also tested but was removed from the model due to lack of precision in the parameter estimate. Residual variability was best characterized by an additive/proportional error model. Evaluations of diagnostic goodness-of-fit plots (data not shown) indicated good agreement between model-predicted and observed PK data, as well as random distribution of residual error.
Covariate Analysis and Final Model
The effect of the covariates listed in Table 1 on V 1 and CL was initially assessed visually (data not shown). Since none of the examined covariates changed over time, the analysis was conducted using their values at the time of initial assessment. Since olaratumab is administered per kilogram of body weight, the effect of WTE was incorporated into the model prospectively. Evaluation of the body weight effect on CL and V 1 showed that using estimated power coefficients for body weight resulted in the best fit and was thus retained. After implementing the prespecified inclusion/exclusion criteria for the remaining covariates, only tumor size effect on CL using a linear model was retained in the final model. Incorporation of WTE effect on CL and V 1 resulted in decreases in IPV of 2.6 and 6.6% points for CL and V 1 , respectively. Subsequent incorporation of tumor size effect on CL resulted in an additional decrease of 2.3% points in IPV of CL. Overall, the incorporation of WTE effect on CL and V 1 , and tumor size effect on CL, led to a total decrease in IPV of 4.9 and 6.6% points for CL and V 1 , respectively. The final population PK model parameters were all estimated with high precision (Table 3) . Goodness-of-fit plots show good agreement between model-predicted and observed PK values, as well as randomness in residual variability (electronic supplementary Fig. S1 ). The VPC of the final PK model (Fig. 2) showed good agreement between predicted and observed values in all prediction intervals in the early half of sampling times where data are rich. However, at later sampling times after drug treatment where data are sparse, the variability in the model prediction increases as expected. Bootstrap analysis of the final model showed the model was stable and that model parameters were all estimated with high precision (Table 3) .
Immunogenicity
Across the four studies, a total of nine subjects tested positive for TE-ADAs, corresponding to an incidence of 5% of the total patient population. An overlay of the time course of olaratumab serum concentration and ADA titers in TE-ADA-positive patients showed no correlation between olaratumab concentration and ADA titers (Fig. 3a) . Furthermore, there was no difference between the individual CL estimates in patients who tested positive versus those who tested negative for TE-ADAs (Fig. 3b) . The effect of ADAs on the CL of olaratumab was thus not included in the model.
Drug-Drug Interaction
Potential drug-drug interaction (DDI) of olaratumab with paclitaxel/carboplatin and doxorubicin was explored using the same PK analysis dataset, which contained olaratumab serum data collected from patients who received olaratumab as a single agent (n = 53), as well as in combination with paclitaxel/carboplatin (n = 45) or doxorubicin (n = 73). Model estimates of individual patient CL and V 1 across the three groups are graphically presented in Fig. 4 . No difference in olaratumab CL or V 1 was observed between individuals who received olaratumab alone or in combination with either a doxorubicin or paclitaxel/carboplatin regimen.
Body Weight-Based versus Fixed Dosing
Since body weight was a significant covariate for olaratumab CL and volume of distribution, the model developed in this study was used to evaluate the effect of body weight-based and fixed dosing strategies on the variability Time from Dose (days) Olaratumab Concentration (µg/mL) Fig. 1 Observed olaratumab serum concentrations in four completed studies. GBM glioblastoma multiforme, GIST gastrointestinal tumor, NSCLC nonsmall cell lung cancer, STS soft tissue sarcoma of olaratumab concentrations between patients. Specifically, a dose of 15 mg/kg and a flat dose of 1200 mg, infused on days 1 and 8 of a 21-day cycle, were simulated using post hoc individual PK parameter estimates of all patients from the four studies. The distribution of the simulated trough concentration after cycle 1 (C min1 ) and the average concentration (C avg ) showed no visible difference between a weight-based or flat dosing strategy (Fig. 5) . As expected, plots of C min1 and C avg versus WTE show that weight-based and flat dosing could lead to different olaratumab serum levels in patients with very low or very high body weights. The objectives of this work were to develop a population PK model to characterize the PKs of olaratumab in cancer patients. The PK model would be used to characterize the IPV of olaratumab PKs, and identify patient factors, including immunogenicity, that may influence olaratumab disposition. As olaratumab was used either as a single agent or in combination with doxorubicin or paclitaxel/carboplatin, the model was 
Structural Model
The final PK model for olaratumab was a two-compartment model with IPV in CL and V 1 . The CL of olaratumab was found to be linear at the doses tested, with an elimination half-life estimated to be approximately 11 days, which is typical of therapeutic monoclonal antibodies [9] . As the disposition of an mAb is influenced by the relative expression and turnover of the target, commonly referred to as TMDD [10] , TMDD was evaluated during model development. Although numerous models were previously developed to describe TMDD for mAbs [11] [12] [13] , an MM approximation [14, 15] was used, as is commonly done with clinical PK data due to parameter identifiability concerns [16] . The MM parameters could be identified, but were estimated with poor precision and the model exhibited instability during bootstrap validation. These findings suggest that the MM parameters associated with TMDD were only supported by data from a small subset of the patient population, and were no longer identifiable when these were replaced during the bootstrap analysis. The linear PK model was thus retained as the final structural model, which in turn indicates that the doses of 15 and 20 mg/kg administered on days 1 and 8 of a 21-day cycle or every 14 days, respectively, yield olaratumab serum levels likely to achieve full target saturation.
Covariate Model
The effect of different covariates (including sex, age, body weight, race, albumin, hepatic function, and renal function) on the disposition of olaratumab was also investigated in the analysis. As olaratumab is administered in milligrams per kilogram, WTE was prospectively added as a covariate and was found to have a significant effect on both CL and V 1 . Most importantly, the effect of WTE was less than directly proportional on either CL or V 1 , with exponent values of approximately 0.5. Compared with flat dosing, the body weight-based dosing paradigm currently adopted for olaratumab is therefore not expected to inflate PK variability on either CL or V 1 [17] . This was confirmed by simulations using our population PK model, which showed that the distributions of olaratumab concentrations (C min1 and C avg ) are similar under the two different dosing strategies. However, it should be noted that our analysis is based on data collected from studies carried out in the US, therefore the distribution of WTE may not be fully descriptive of that in the worldwide population. The effect of weight-based versus flat dosing on olaratumab serum levels and its activity in patients with extreme body weight values could thus not be fully understood, which supported carrying body weightbased dosing into the global STS phase III study (ClinicalTrials.Gov identifier: NCT02451943). Tumor size was also found to have a significant effect on CL, whereby a larger tumor burden was associated with higher CL. Several potential contributing factors, such as variation in tumor biology, target expression [18] , and the uneven distribution of the number of patients in the four trials, may explain this observation. Since the PKs of olaratumab are best described by a model with linear disposition within the range of serum levels observed in our dataset, it is unlikely that CL in patients with larger tumors increased because of a higher level of target expression and TMDD. The distribution of CL and V 1 across the different tumor types was also analyzed in order to rule out a potential contribution of uneven tumor type representation during the SCM; no differences were found (data not shown). Overall, although inclusion of WTE and tumor size as covariates fulfilled all statistical criteria, comparison of base and final model goodness-of-fit plots indicates that their overall contribution to variability remains limited. IPV on the PK parameters of the final population PK model was low to moderate (33.3% for CL, 15.6% for V 1 ), as commonly observed with monoclonal antibodies [16] . The lack of correlation between liver or renal status and CL can be expected given the known mechanisms involved for clearance of antibodies [16, 19, 20] .
Immunogenicity
The small incidence of immunogenicity in the database (5% across all four studies) did not allow the inclusion of immunogenicity in an integrated model [21] . However, the comparison of individual post hoc estimates for olaratumab CL showed no notable difference between patients who tested positive or negative for TE-ADAs, not unexpected considering that ADAs were of low titer. This is consistent with a visual analysis of the time profile of TE-ADA titers overlaid with that of olaratumab serum concentration, where increases in TE-ADA titers did not correspond with a decrease in olaratumab serum concentrations. Although not all TE-ADAs will affect the PKs of mAbs [22] , in some cases the development of TE-ADAs can have profound effects on the disposition of mAbs [23] . Therefore, it was important to rule out the involvement of TE-ADAs in the PKs of olaratumab. These findings should also be confirmed using data from other clinical studies of olaratumab in a similar patient population [ClinicalTrials.Gov identifiers: NCT02326025 and NCT02451943].
Drug-Drug Interactions
It was possible to examine the potential effect of chemotherapy on the PKs of olaratumab based on olaratumab serum concentration data collected from patients who received olaratumab as a single agent as well as in combination with paclitaxel/carboplatin or doxorubicin, in the PK database. As expected for a biologic, no clinically relevant difference in olaratumab CL or V 1 was observed as a result of the combination with either chemotherapeutic regimen. These findings are in line with previous reports [24, 25] and, together with the results of a DDI study showing no effect of olaratumab on the PKs of doxorubicin [26] , support the use of olaratumab in combination with chemotherapeutic agents without dose adjustments.
Conclusion
The population PK model developed in this study indicates that olaratumab exhibits linear drug disposition suggestive of full target saturation at the dose levels tested in the four studies included in the analysis. Olaratumab elimination half-life was approximately 11 days, which corresponds to a time to steady state of approximately 50 days. The disposition of olaratumab was found to be influenced by patient body weight and tumor size, but simulations using the final model indicate that the current weight-based dosing is adequate in limiting IPV of drug concentrations. Finally, neither the development of TE-ADAs nor the combination with chemotherapies affected the PK properties of olaratumab.
